China is the largest producer of magnesium in the world, and supplies currently 40-50% of the world demand for magnesium. The current growth in the demand for magnesium is primarily driven by automotive industry for light weighting automobiles to reduce emissions. Magnesium production in China is based on a thermal process, known as the Pidgeon process that was originally invented in Canada in the 1940s. The raw material used is dolomite, which is initially calcined, and the calcined dolomite is reduced using the Pidgeon process by supplying ferrosilicon and thermal energy to produce pure magnesium crowns. The magnesium crowns are then melted and cast as pure magnesium ingots, which are then exported from China to meet the growing world demand. With a focus on the global warming impact, a cradle-to-gate life cycle study is conducted using averaged data for magnesium production in China. Calculations show that the cradle-to-gate global warming impact of Chinese magnesium ingots is 42 kg CO 2 eq/kg Mg ingot, within an uncertain range of 37-47 kg CO 2 eq/kg Mg ingot. The value of impact for the magnesium produced in China is ∼60% higher than the global warming impact of aluminium, a competing material that is also produced in China in abundance. The calculated impact for magnesium is discussed in the context of the future magnesium products value chain that may have a strong dependence on the magnesium produced in China.
Introduction
Magnesium is the eighth most abundant element in the Earth's crust. The sources and raw materials (Stanley et al., 1997) from which magnesium could be produced include sea-water, lake brines, camallite, dolomite, serpentine and magnesite. Magnesium is produced commercially either by electrolysing the magnesium chloride derived from raw materials, or by using a thermal process, known as the Pidgeon process, using dolomite as the raw material. Both these processing routes for magnesium production are energy intensive.
Magnesium and magnesium alloys offer several advantages (Mordike and Ebert, 2001 ): low mass density, high specific strength and good manufacturability; and in comparison with polymeric materials, has better mechanical properties, resistance to ageing, better electrical and thermal conductivity. These advantages are very useful for manufacturing complex magnesium components with thin walls using well-established manufacturing processes, such as die casting, machining and surface finishing. Hence, there has been a steady growth in the world demand for magnesium in the past decade, particularly from automotive industry, which is attempting to achieve weight reduction in automobiles by the use of lighter magnesium components, and thereby reduce greenhouse gas emissions from automobiles. The demand for magnesium by electronic industry is also growing to reduce the mass of electronic goods, while providing electromagnetic shielding and adequate tolerance to temperature rise.
In meeting the growing demand for magnesium, China has emerged as the largest producer of primary magnesium in the world. Approximately 40-50% of the world demand for magnesium (Zang, 2001 ) is currently supplied by China. In the year 2000, China produced 160,000-180,000 t of magnesium of which a significant amount was exported to USA and Europe and Japan. Nearly 95% of the primary magnesium output of China (Zang, 2001 ) is produced using the Pidgeon process (Pidgeon and Alexander, 1944) that was invented in the 1940s in Canada.
Magnesium production is energy intensive, and environmental issues play a significant role in driving the demand for magnesium, magnesium alloys, components and products. The global magnesium products value chain should therefore be considered on a life cycle basis to yield lower environmental impacts over the life cycle of magnesium products. Currently there is no life cycle data in the public domain (Sivertsen et al., 2003) for the magnesium produced in China using the Pidgeon process. In this paper, we have attempted to fill the gap in our knowledge by means of a life cycle study using the internationally accepted framework with the following goals: to estimate the life cycle global warming impact of the magnesium produced in China using the Pidgeon process with the view to understand the contribution of the process stages to the impact; and to identify directly related environmental issues associated with the global supply chain for the magnesium produced in China. We have chosen global warming impact as the principal impact category for the study because the envisaged use for a major proportion of the magnesium to be produced in China is for light weighting automobiles so as to achieve reductions in greenhouse emissions.
The life cycle study is a cradle-to-gate study of a representative magnesium product system in China that takes in dolomite ore at the cradle end to deliver magnesium ingots at the gate of the system. The main difficulty in conducting the study is the lack of data associated with the Chinese magnesium product system. For this study, we have augmented the limited information available in the public domain (Zang, 2001 ) by means of additional knowledge and data obtained from Clark and Marron Pty. Ltd. (http://www.clarkandmarron.com.au/ main.htm), who have first-hand knowledge of the magnesium industry in China.
A description of magnesium production in China is given in Section 2. Section 3 deals with the product system and the life cycle inventory analysis of the system. Section 4 gives the calculated results of global warming impact of producing magnesium ingots in China using the Pidgeon process. The results are interpreted in the context of process improvements. In Section 5, we have discussed the environmental impact in the context of the materials value chain for the magnesium produced in China. The paper is concluded in Section 6.
Magnesium production using Pidgeon process in China

Pidgeon process
A plant for magnesium production based on the ferrosilicon process was built in Canada in the early 1940s (Mayer, 1944) to produce magnesium at the rate of ∼4500 kg per annum (or 10,000 lb per year). This process (Pidgeon and Alexander, 1944) -later known as the Pidgeon process-is based on reducing oxide of magnesium using silicon by supplying the thermal energy required for the reaction (Toguri and Pidgeon, 1961) as shown by the following equation:
The practical application of this principle requires the reduction of calcined dolomite ore with ferrosilicon at high temperatures. The overall reaction describing the process (Toguri and Pidgeon, 1962 ) is as follows:
The above reaction is endothermic. When the reaction is run at temperatures in excess of ∼1100 • C, magnesium is released as a vapour, which may be condensed to obtain pure magnesium. The reduction process is carried out in retorts. Pidgeon and Alexander (1944) have provided designs for such resorts based on pilot plant studies. Mayer (1944) has discussed in detail a full-scale plant for magnesium production. The Pidgeon process, as it is used in China today, bears many similarities to the original plant designs and process parameters.
The principal raw material is dolomite ore, which is mined and transported to the magnesium plant. The ore is calcined in continuous rotary or vertical batch furnaces at ∼1300 • C. Energy for calcining is derived from the combustion of coal or gas. The calcining process yields 'dolime', as given by the following reaction:
The calcined dolomite is then finely ground and mixed in a specific ratio with finely ground ferrosilicon containing 75% of silicon. Calcium fluoride may be added to the mixture as a catalyst. The mixture is pelletised to make briquettes for reduction in the reduction furnace. The reduction furnace to produce magnesium consists of several cylindrical retorts, which are horizontal reaction chambers made of steel. Each retort may measure, typically, 250-300 mm in internal diameter and 3000 mm in length. The briquettes, made from calcined dolomite and ferrosilicon, are fed into the retorts of the reduction furnace. The retorts are heated in banks in refractory brick furnaces to a temperature of ∼1200 • C. A vacuum of 1-2 Pa is maintained in the retorts to extract the magnesium vapour from the inner reaction zone at the water-cooled feed end of the retort. The magnesium vapour emanated from the reaction zone condenses in a crystalline form on a recyclable steel sleeve. Thus, the reduction process yields magnesium in the form of crowns-one crown per retort, with each crown typically weighing between 18 and 22 kg depending upon the size of the charge and the process conditions. The hot magnesium crown, together with its sleeve, is removed from the retort at the end of the reduction process. The crown is then removed from the recyclable sleeve. The extracted crowns are allowed to cool, and then taken for remelting, refining (may be, alloying) and casting into magnesium (or magnesium alloy) ingots.
Magnesium industry in China
Although the Pidgeon process forms the basis for magnesium production in China, there are several variations in the way the process is applied across the entire magnesium industry in China. Available information on magnesium production in China (Zang, 2001) shows that nearly 75% of the total magnesium in China is produced in Shanxi, Ningxia and Henan provinces (Fig. 1) . The number of magnesium plants in the various provinces are: Ningxia-13 plants, 15,500 t per annum; Henan-45 plants, 20,000 t per annum; Shanxi-72 plants, 61,500 t per annum. Production capacities of plants in these areas vary from 3000 to 15,000 metric tons of magnesium per annum.
The principal raw material, dolomite, is available as high-grade ore in most of the magnesium producing provinces in China, such as Hebei, Liaoning, Shanxi and Henan. The Kroeze et al. (2004) and He and Chen (2002). ore is transported as lumps to production plants by road transport over an average distance of 80 km. Typically, 10-15 t of dolomite is used to produce 1 t of pure magnesium (Table 1) .
Ferrosilicon is an important material for magnesium production using the Pidgeon process. Typical usage of the material could be 1.1 t of ferrosilicon per tonne of magnesium (Table 1) . Ferrosilicon needs to be transported to magnesium plants over longer distances ( Fig. 1) . In China, ferrosilicon is produced using iron oxide and silica as raw materials with an energy intensive electric arc furnace that may use 10.5 MWh of electrical energy per tonne of ferrosilicon (Table 1) .
The usage of coal for magnesium production may vary in the range of 8-13 t per tonne of magnesium (Table 1) . Coal is available near magnesium producing regions, and need to be transported only over a short distance of ∼60 km. The coal used has a calorific value of 25 MJ/kg (Table 1) .
Material and energy intensities of magnesium production in China vary depending upon the size of plants, their location, and the adoption of new technologies. Such variations need to be recognised in conducting the life cycle study.
Cradle-to-gate life cycle study
Product, functional unit and impact category
The product considered for the study is the magnesium ingots produced in China. As the principal market for the magnesium ingots produced is to make products that have a mass Fig. 2 . Cradle-to-gate product system for magnesium ingot production using the Pidgeon process (numbers in filled rectangles show process stages).
comparable to 1 kg, the functional unit of the product is chosen to be 1 kg of the metal ingot produced.
The principal impact category considered is global warming impact. In estimating the global warming impact, we have used the 100-year Global Warming Potentials of the various greenhouse gases emitted in producing magnesium ingots.
Product system and process data
The chosen product system is shown in Fig. 2 . The system is a representative system for magnesium production in China, and as such, does not represent an actual magnesium production plant. The product system is defined to be made up of six unit process stages, as shown in Fig. 2 . As coal and dolomite are abundant in magnesium producing regions, we have combined their transportation into one process.
Much of the information and data for the analysis were obtained by way of consultancy (Chinese Magnesium Ingot Production data, Consultancy Report prepared for CSIRO, September 2002, Clark and Marron Pty Ltd., Australia). The data obtained compare favourably with the data provided in the publication of Zang (2001) on the Pidgeon process in China. We have given the data used for the study in Table 1 . Nominal values of process parameters shown in Table 1 correspond to the representative product system. The lower and upper bounds of values shown in Table 1 are uncertainties associated with the data.
The details of the six process stages of the product system are discussed below using nominal values of process parameters (Table 1 ) used in the life cycle study.
Process stage 1: mining and transportation of dolomite and coal
As shown in Table 1 , an amount of 11.6 kg of ore is used to produce 1 kg of magnesium. The ore is predominantly dolomite (CaCO 3 ·MgCO 3 ) with the proportion of MgO in the ore being ∼20%. Hence, the theoretical mass proportion of impurities on the basis of molecular weights of the minerals is 8.6%. The efficiency of recovery of magnesium from the available magnesium in the ore is 71.5%.
Using data from SimaPro LCA Software (PRé Consultants, 2004) we have estimated the values for electrical and diesel energies to be, respectively, 0.13 and 0.05 MJ/kg Mg for mining the dolomite ore.
The consumption of coal for producing 1 kg of pure magnesium is 10.5 kg ( Table 1 ). The energy consumption for coal mining is rather small as manual labour is used for mining coal. However, an amount of 0.11 MJ of electrical energy is used for delivering coal on the ground, and for using other auxiliaries, such as air fans, etc.
We have assumed that both coal and the dolomite ore are transported to the magnesium plant by 40 t diesel trucks.
Methane emissions during coal mining have not been taken into account because reliable data for such emissions in China are not known. We believe that the contribution from methane emissions in to the greenhouse impact will be marginal.
Process stage 2: ferrosilicon production and transportation
Ferrosilicon is used at the rate of 1.19 kg/kg of magnesium (Table 1 ). The ferrosilicon contains 75% silicon and 25% iron. Ferrosilicon is produced in a three-phase submerged arc furnace by the carbothermic reduction of quartz in the presence of iron oxide. The electrical energy consumed (Table 1) to supply 1.19 kg of ferrosilicon to produce 1 kg of magnesium is 44.98 MJ.
The chemical equations describing ferrosilicon production and silicon reduction are
On the basis of the above reactions, the energy required to produce 1.19 kg of ferrosilicon may be estimated theoretically to be 23.18 MJ, giving an energy efficiency of 51.5% for ferrosilicon production. The transportation of ferrosilicon to the magnesium plant takes place over a long distance of ∼700 km ( Fig. 1 and Table 1 ).
Process stage 3: dolomite calcination
The dolomite ore that is transported to the magnesium plant is calcined by the addition of heat in furnaces (Eq. (3)). From the 11.6 kg of ore with impurities supplied to the process, the theoretical yield of dolime from the process is approximately 5.36 kg, assuming 5% loss of dolime. The amount of coal supplied for the process is 2 kg for 1 kg of magnesium produced. Hence, the energy efficiency of the process is 61%, assuming a value of 25 MJ/kg for the calorific value of the coal used.
Process stage 4: briquette production
The mixture of calcined dolomite and ferrosilicon has to be precisely prepared for magnesium reduction to increase the yield of magnesium. The calcine is ground in a hammer mill and screened through a mesh. Ferrosilicon is received in large lumps, and hence has to be crushed and ground as finely as required using secondary grinders. Then, the ground material is put through a screen.
The ground calcine and ferrosilicon are weighed for mixing in batches. At this point, the catalyst (calcium fluoride) may be added at a nominal rate of 0.2 kg per 1 kg of pure magnesium. The mixing time is typically 5 min to produce a batch that weighs approximately 50 kg. The amount of calcium fluoride added per batch is 1.52 kg. The amount of carbon dioxide emission in mining and transporting calcium fluoride is estimated using data in SimaPro (PRé Consultants, 2004) .
The mixture of calcined dolomite, ferrosilicon and calcium fluoride is formed into briquettes using presses. Each briquette is typically 12 mm in diameter and 50 mm in length, and has a density of 2300 kg/m 3 . The briquettes are packed in 20-25 kg bags.
We have estimated the electrical energy consumption for briquette production to be 0.65 MJ/kg magnesium, assuming 5% of the material used is lost. The amounts of materials in the pellet form transferred to the reduction process are: dolime, 5.09 kg/kg Mg; ferrosilicon, 1.13 kg/kg Mg; and calcium fluoride, 0.19 kg/kg Mg.
Process stage 5: magnesium production by reduction
The reduction process is conducted in refractory brick furnaces, which are fired using coal (or coal gas). The capacity of a furnace varies between 10 and 30 retorts. The retorts are charged with pellets from the previous stage, the approximate charge per retort being 128 kg. While still red hot, the pellets are pushed in with an iron hoe. After a "burn-off" period" of approximately 10 min to evaporate any water in the charge, the retort is closed and the vacuum is applied. The temperature inside the retort is raised to 1160-1165 • C and a vacuum pressure of 1.5-2.0 Pa is maintained.
The typical cycle of operation is 12 h, including 9 h for the reactions to complete and ∼3 h for retort emptying, cleaning and refilling.
As the reduction reaction proceeds, magnesium is produced as vapour, which condenses in crystalline form on a recyclable steel sleeve at the water-cooled end of the retort. The condensed magnesium, known as the "crown" magnesium, produced in each retort at the completion of the reaction weighs ∼20 kg for a charge weighing 128 kg. The sleeve, together with the condensed magnesium, is removed from the retort while the metal is still hot. The metal crown is subsequently removed from the steel sleeve.
To produce 1 kg of pure magnesium, the amount of magnesium to be obtained from the reduction process needs to be 1.096 kg of crown magnesium, allowing for the losses in recovering magnesium from the retorts and in casting the crowns as ingots. Theoretically, the amounts of dolime and ferrosilicon needed to obtain 1.096 kg of crown magnesium are 4.34 and 0.812 kg, respectively. Hence magnesium recovery from reduction process is 4.34/5.09 = 0.852, a value that agrees with the published value of Zang (2001) . The efficiency of usage of ferrosilicon is 0.812/0.95 = 0.854, and the mole-ratio of dolime and ferrosilicon in the reduction process is approximately 1:1.
The theoretical energy required for reducing dolime is 13.67 MJ. An additional amount of energy of 7.92 MJ is needed to produce the steam that is required to produce the vacuum for condensing magnesium. The amount of coal used for the reduction process is approximately 6.8 kg per 1 kg of pure magnesium produced, giving an energy input of 180 MJ to produce 1.096 kg of magnesium. Thus the energy efficiency of the process is ∼12%.
A small amount of electrical energy of 0.55 MJ is also used by the process stage to assist water-cooling and other auxiliary processes. 
Process stage 6: ingot production
The magnesium crowns extracted from the retorts are melted in melting furnaces, and refined by heating the melt above the melting point of 650 • C. Alloying elements may be added when magnesium alloys are produced.
The molten metal is then transferred from the melting furnace and poured into ingot moulds to produce magnesium ingots.
Coal at 0.3 kg/kg Mg is used for melting and refining magnesium crowns. The theoretical energy efficiency of the process is ∼16%.
Molten magnesium is highly reactive, and hence, needs to be blanketed from coming into contact with the oxygen in the atmosphere when the metal is cast as ingots. The current practice in China for protecting molten metal from oxidation is to disperse manually sulphur powder over exposed molten metal surfaces in moulds. The amount of sulphur used for melt protection is 0.05 kg/kg Mg.
Life cycle analysis
In Table 2 , we have given a summary of the energy and materials for the various process stages of the cradle-to-gate product system (Fig. 2) . Using the values shown in Table 2 , the product system was analysed using SimaPro LCA Software (PRé Consultants, 2004) to estimate the global warming impact of magnesium ingots. An uncertainty analysis was conducted using the Monte Carlo technique, assuming values for the lower and upper bounds for the uncertainties in the various process parameters, as given in Table 1 . Fig. 3 shows the calculated global warming impact of the magnesium ingots produced using the Pidgeon process. The influence of uncertainties on the impact is also shown. It may be seen that that nominal values of process parameters yield a GHG impact of 42 kg CO 2 eq/kg Mg ingot, within an uncertain range of 37-47 kg CO 2 eq/kg Mg ingot. Fig. 3 . Global warming impact of producing magnesium ingots using the Pidgeon process (filled rectangles show uncertainties). The energy consumed by all the process stages is 284 MJ/kg Mg ingot, which is obtained as diesel (1%) for transportation, electricity (16%) and coal (83%) as shown in Fig. 4 .
Results and interpretation
Results
However, the primary energy or the life cycle energy associated with the product system is 354.5 MJ/kg Mg ingot as shown in Fig. 5 . For calculating the primary energy, we have assumed that 75% of the electricity used is derived from coal-fired power stations having a thermal efficiency of 0.33 (He and Chen, 2002; Kroeze et al., 2004) . It may be seen that the largest consumers of primary energy are ferrosilicon production and magnesium production by reduction, followed by the calcination process.
Interpretation
The calculated results of impact may be discussed in the context of the primary goal of the study, viz. to assist process improvements.
It can be seen from Fig. 3 that the process stages, which are the major contributors to the total impact of the product system, are: ferrosilicon production, dolomite calcination and magnesium production by reduction. Fig. 5 shows that these three process stages are also the largest consumers of primary energy. Any attempt to reduce the global warming impact of the magnesium ingots produced in China needs to focus on improving these three process stages. 
Ferrosilicon production (process stage 2)
This process stage accounts for 35% of the GHG impact of the product system. The estimated global warming impact of this process is 14.7 kg CO 2 eq/kg Mg ingot, which is a consequence of the following two factors:
• Usage of electrical energy from coal. Our calculations show that in producing ferrosilicon using the electric arc process, ∼45 MJ/kg Mg ingot of electrical energy is consumed. This accounts for ∼97% of the electrical energy consumed by the product system. The global warming impact of generating the electricity required for the process from coal is 9.2 kg CO 2 eq/kg Mg ingot. Any reduction of the impact from electricity generation may depend upon future energy policies in China (Kroeze et al., 2004 ).
• Process efficiency. The remaining contribution of ∼5.5 kg CO 2 eq/kg Mg ingot from the process stage is due to the arc furnace process. The calculated energy efficiency of the process is 51.5%, which may be improved to reduce the impact.
Dolomite calcination (process stage 3)
The contribution of the dolomite calcination process stage to the impact of the product system is 10.1 kg CO 2 eq/kg Mg ingot or ∼24%. This amount is made up of the following two main components:
• Release of carbon dioxide from chemical reaction. One of the main products of calcining dolomite is carbon dioxide (Eq. (3)). The amount of carbon dioxide emitted from the reactions is 5.15 kg CO 2 eq/kg Mg ingot. This emission is unavoidable.
• Supply of process energy. Calcining process is a thermal process, which relies on heating the dolomite ore to 1200-1300 • C using coal. The impact of providing thermal energy from coal at the calculated process efficiency of 0.61 produces the remaining impact.
Further improvements to the process may be needed to gain any reductions in the impact resulting from the calcinations process stage.
Magnesium production by reduction (process stage 5)
This process stage is the core Pidgeon process that deals with the reduction of calcined dolomite to crown magnesium. The contribution from this process stage to the impact is 15.9 kg CO 2 eq/kg Mg ingot, and accounts for ∼38% of the total GHG impact of the product system. The GHG impact of the process stage is dependent upon many factors, such as magnesium recovery efficiency (0.85), ferrosilicon usage efficiency (0.85) and the energy efficiency (0.12) of the process. Improvements to these efficiencies may be feasible by means process design and optimisation, and by adopting appropriate technologies and procedures for process control, operation and management.
Discussion
China is emerging as the major global supplier of magnesium to enable manufacturing lighter components worldwide. China is also a major world producer of aluminium, which is a competing light metal for making automotive components. The global warming impact of the primary aluminium ingots produced in China is ∼24.7 kg CO 2 eq/kg Al ingot, and the world average impact is 12.7 kg CO 2 eq/kg Al ingot (International Aluminium Institute, 2000) . The impact of the magnesium ingots produced in China is therefore ∼1.6 times as high as than the impact of the aluminium produced in China. Improvements to the Pidgeon process, as it is currently used in China, are essential to be environmentally competitive in the global market for light metals.
Considering only the materials value chain for the Chinese magnesium, the global warming impact of magnesium ingots estimated in this paper need to be understood in a global context. We have discussed below two issues, which are directly relevant to foster the development of an eco-efficient supply chain for the magnesium produced in China.
Alloy production
For manufacturing components that can be used in automotive or other manufactured electronic products, the magnesium ingots produced in China need to be made into ingots of appropriate magnesium alloys. Currently, most the magnesium ingots produced in China are exported to North America, Europe and Japan, where the magnesium ingots are melted and alloyed with aluminium, zinc and other alloying elements to make alloy ingots that meet the stringent quality requirements of product manufacturers. Alloy making in China is still at an infant stage (Zang, 2001) .
We have estimated the global warming impact of producing 1 kg of AZ91D magnesium alloy (Mg 90.0%, Al 8%, Zn 0.6%, Mn 0.3%) in Europe or North America by extending the product system to include the following:
• Transportation of magnesium ingots from magnesium plants to a port in China by rail over a distance of 750 km.
• Shipment from the export port in China to an import port in Europe or North America by cargo ship, assuming an average distance of 8000 km.
• Shipment from the port to the alloy producer in the country of import by truck, the average distance being 300 km.
• Alloying and casting ingots in the country of import.
Using the world average value of 12.7 kg CO 2 eq/kg Al ingot for the GHG impact of aluminium ingots (International Aluminium Institute, 2000) , the estimated global warming impact of AZ91D magnesium alloy is 43.3 kg CO 2 eq/kg AZ91D ingot. In calculating this value, we have assumed that sulphur in power form or sulphur dioxide gas (Galovsky and Renger, 2003) is used for protecting molten magnesium from oxidation.
Protection of molten magnesium
Magnesium is a highly reactive metal. If molten magnesium is exposed to the normal atmosphere, it can react strongly with the oxygen in the atmosphere, thus causing serious safety problems. Hence, any surface of molten metal that is exposed to the normal atmosphere needs to be blanketed with an appropriate material or cover gas. Sulphur (as in China) or sulphur dioxide has been used in the past to protect molten magnesium. Since the 1970s, the industrial practice (Albright and Haagensen, 1997) for the protection of molten magnesium has been the use of sulphur hexafluoride (SF 6 ), a highly potent greenhouse gas having 100-year global warming potential of 22,200 (Fenhann, 2000) . Recently, SF 6 has been targeted for reduction under the Kyoto Protocol. In Europe the usage of SF 6 by magnesium industry is being phased out. In the USA, there appear to be initiatives for voluntary reduction in the use of SF 6 (Bartos, 2000) . Also, considerable amount of research is being conducted to find alternative methods of protecting molten metal (Galovsky and Renger, 2003; Ricketts et al., 2003) .
For the product system considered in this study, the contribution to the global warming impact from using sulphur for ingot casting operations is zero because the global warming potential of sulphur is zero. The estimated values of 42 kg CO 2 eq/kg Mg ingot for the magnesium ingots produced in China and 43.3 kg CO 2 eq/kg AZ91D ingot for the AZ91D magnesium alloy ingots produced in Europe or North America, therefore, represent only base line values. If SF 6 is used, instead of sulphur, for protecting molten magnesium or magnesium alloy while casting ingots, the values for the global warming impact are expected to be 53.8 kg CO 2 eq/kg Mg ingot for the magnesium ingots produced in China, and 66.1 kg CO 2 eq/kg AZ91D ingot for the AZ91D alloy ingots produced using imported magnesium ingots from China. Indeed, these values are to be treated as upper bounds.
The current practice of using sulphur in casting operations in China, despite alleviating greenhouse gas emissions, has other drawbacks. Owing to the high temperature of the molten metal, the dispersed sulphur over molten metal surface oxidises to form sulphur dioxide and sulphur trioxide gases. The gases emitted may capture water from the environment to form sulphurous and sulphuric acids to cause massive corrosion in equipment, present health problems, and result in acidification impact.
Conclusion
We have estimated the cradle-to-gate life cycle global warming impact of the magnesium ingots produced in China using the Pidgeon process. A product system, in which dolomite ore enters the system at the cradle end and ingots of magnesium leave at the gate end, has been considered in the study as a representative system of the distributed magnesium industry in China.
The estimated global warming impact is 42 kg CO 2 eq/kg Mg ingot, within an uncertain range of 37-47 kg CO 2 eq/kg Mg ingot. The cradle-to-gate life cycle energy is 354.5 MJ/kg Mg ingot. The three processes that are major contributors to the impact are: (i) the Pidgeon process that deals with the thermal reduction of calcined dolomite using ferrosilicon; (ii) ferrosilicon production using an electric arc process that requires electricity generated using coal; and (iii) calcination of dolomite ore that not only releases carbon dioxide as part of the calcining reaction, but also requires thermal energy from coal. The estimated values of impact are based on the current industry practice in China of using sulphur for protecting molten magnesium from oxidation while casting ingots. If a greenhouse gas, such as sulphur hexafluoride, is used for melt protection, the impact could be much higher.
The global warming impact of the magnesium produced in China is ∼1.6 times the impact of producing aluminium in China. With the growth of the magnesium industry in China and the current adoption of technological improvements by the industry, we could see in the future a steady reduction in the global warming impact of the magnesium ingots produced in China.
We believe the results of the study described here may be useful in reducing the global warming impact of manufactured products over the entire product life cycle.
